The high sensitivity of the magnetic resonance properties of xenon to its local chemical environment and the large 129 Xe NMR signals attainable through optical pumping have motivated the use of xenon as a probe of macromolecular structure and dynamics. In the present work, we report evidence for nonspecific interactions between xenon and the exterior of myoglobin in aqueous solution, in addition to a previously reported internal binding interaction. 
The high sensitivity of the magnetic resonance properties of xenon to its local chemical environment and the large 129 Xe NMR signals attainable through optical pumping have motivated the use of xenon as a probe of macromolecular structure and dynamics. In the present work, we report evidence for nonspecific interactions between xenon and the exterior of myoglobin in aqueous solution, in addition to a previously reported internal binding interaction. 129 T he magnetic resonance properties of xenon demonstrate remarkable sensitivity to its local chemical environment, making the noble gas an effective NMR probe of molecules, materials, and biological systems (1) (2) (3) (4) . The hydrophobicity of xenon makes it particularly well suited for exploring the nonpolar interiors of macromolecules, proteins, and membranes that bind xenon in solution. Several studies have exploited sensitive xenon chemical shifts to characterize the interactions between xenon and organic compounds such as ␣-cyclodextrin (5) and cryptophane-A (6), the membrane protein channel gramicidin (7) , and the globular proteins myoglobin and hemoglobin (8) . In addition, it has been shown that the 129 Xe spin-lattice relaxation time (T 1 ) is reduced dramatically when xenon comes into contact with cyclodextrins (9), lipids (10), and proteins in blood (11) (12) (13) (14) (15) . Recent advances in optical pumping technology (16) have further motivated such studies of xenon-molecule interactions by providing 129 Xe NMR signal enhancements of up to five orders of magnitude (17) . Furthermore, the transfer of spin polarization from laser-polarized xenon to nearby nuclei through the spin polarization induced nuclear Overhauser effect (18) allows direct identification of xenon binding sites and reveals information concerning the structure and dynamics of xenon-molecule complexes (19) (20) (21) .
Hydrophobic regions of proteins play a fundamental role in the formation of protein-protein and protein-lipid interfaces and in the stability of many small ligands within protein binding sites. X-ray crystallography studies of protein-xenon complexes have demonstrated the accessibility of protein interiors to xenon (22) (23) (24) (25) . Accordingly, characterization of the interactions of xenon with proteins is a promising approach to studying biomolecular interfaces and ligand-protein binding. The crystal structure of myoglobin in the presence of 7 atm (1 atmϭ 101.3 kPa) of xenon gas exhibits four xenon binding sites, ranging from approximately half to full occupancy (24) . The binding constants of the two major sites have been determined by manometry to be 190 M
Ϫ1
and 10 M
, with the strongest site most likely corresponding to the cavity in the crystal structure near the heme (24, 26) .
NMR studies of the chemical shift, relaxation, and polarization transfer properties of xenon in protein solutions are capable of providing information toward the mapping of hydrophobic surfaces in proteins and the modeling of their interactions with ligands. Tilton and Kuntz first made chemical shift measurements of xenon in metmyoglobin solutions, observing a single 129 Xe resonance (at room temperature and 1 atm of Xe overpressure) caused by fast exchange of xenon between the solvent and the internal sites in the protein (8) . The upfield changes in the shift with increasing metmyoglobin concentration were attributed to the contribution of the specifically bound xenon species to the overall shift. The 129 Xe T 1 in 0.1 mM metmyoglobin in D 2 O has been measured to be 1.3 s at 4.7 T, much shorter than the T 1 of 470 s observed at the same field in D 2 O alone (27) . It was concluded that the short T 1 arises from efficient relaxation pathways available to xenon bound in the protein. Competitive ligand studies have been used to demonstrate that a significant source of relaxation of laser-polarized xenon in blood plasma is the binding of xenon to albumin proteins (14) . 129 Xe NMR has also been used to probe the interactions between adsorbed laser-polarized xenon and the surfaces of lyophilized protein solids (28) . In the present work, we report evidence of nonspecific interactions between xenon and the exterior of myoglobin in solution that affect 129 Xe chemical shifts and spin-lattice relaxation times, in addition to the previously reported internal binding interactions. Such nonspecific interactions between proteins and small molecule volatile anesthetics, of which xenon is a known example (29, 30) , may play a role in the biochemistry of anesthesia (31, 32) . Characterization of these nonspecific effects at protein surfaces could permit the use of xenon as a molecular probe of protein-solvent and protein-protein interfaces.
Materials and Methods
Protein samples used in titration studies were prepared by dissolving lyophilized horse skeletal muscle myoglobin powder (Sigma) into water that contained 20% D 2 O. Concentrations were determined by absorption of 280 nm UV light using myoglobin ϭ 31,000 M Ϫ1 ⅐cm
Ϫ1
and apomyoglobin ϭ 13,980 M Ϫ1 ⅐cm Ϫ1 (33, 34) . Apomyoglobin was prepared by reverse phase HPLC. The apoprotein and heme were eluted as separate fractions after application of the holoprotein to the column. Solvent was evaporated from the protein fraction, and the remaining powder was redissolved and dialyzed against water before lyophilization. The absence of the heme was confirmed by the disappearance of its characteristic absorption band at Ϸ409 nm. Relaxation measurements were made in solutions of apomyoglobin in 99.96% D 2 O with urea-D 4 as a protein denaturant.
Chemical shift measurements were made using 80% enriched 129 Xe (Isotec) that was loaded into medium wall NMR tubes (Wilmad, Buena, NY) adapted for the moderately high pressures used in these experiments; pressures were confirmed with a gauge upon loading and subsequent recovery of the gas after each experiment. Samples were gently agitated and allowed to equilibrate for approximately 1 h before acquisition of data with a Bruker AMX 600 MHz spectrometer at 25°C. Xenon concentrations in water ([Xe] o ) were assumed to be linear with gas overpressure with a slope of 4.37 mM͞atm (35) . A sealed glass capillary tube filled with Ϸ7 atm of xenon gas was included in each sample as a standard reference to ensure that changes in 129 Xe chemical shifts were not caused by artifacts induced during the acquisition or processing of titration data. 129 Xe spectra were fit to Lorentzian lineshapes with the FELIX 97 NMR data processing software package (Molecular Simulations, Waltham, MA) to quantify chemical shifts more accurately. Each data set was processed and fit at least five times, and the standard deviation of the shift is reported as the error estimate of the chemical shift.
Spin lattice relaxation times were measured with optically pumped natural abundance xenon. After polarization, the xenon was transferred into the sample tube, and the solution was shaken to achieve rapid equilibration. Xenon polarizations were typically Ϸ10%. Xenon signal intensities were measured by using small pulses (3°tipping angle) that were calibrated by using a pressurized xenon-zeolite sample. Spectra were acquired by using a Varian INOVA 300 MHz spectrometer, and integrated peak intensities were fit to an exponential decay to determine relaxation times. The reported 129 Xe T 1 s are corrected for the loss of z-magnetization from the small RF pulses. Samples used in relaxation experiments were thoroughly degassed, and the glass tubes were treated with a siliconizing agent.
Results and Discussion
The chemical shift of xenon in metmyoglobin solutions of different concentration was measured at a xenon pressure of 5 atm (Figs. 1 and 2A) . At this relatively high xenon concentration in solution, we observed that the shift moves downfield from water with increasing protein concentration but that it seems to have an upfield component that becomes significant at higher concentrations. The behavior of the observed shift with increasing protein concentration suggests multiple interactions between xenon and the protein with opposing effects on the overall shift. However, the fraction of xenon occupying the second binding site (K ϭ 10 M Ϫ1 ) (26) is calculated to be small at the concentrations of xenon and protein used in the titration. Accordingly, we propose that the downfield contribution to the observed shift arises from nonspecific interactions between xenon and the exterior of the protein whereas the upfield contribution comes from xenon bound to the previously reported specific site. Evidence for xenon-protein interactions at protein surfaces has been obtained through x-ray crystallography (25) and 129 Xe NMR of lyophilized protein solids (28) . In addition, weak nonspecific interactions have been reported for xenoncyclodextrin solutions, and the effect on the xenon chemical shift was assumed to be linear in cyclodextrin concentration (5) .
To confirm the presence of nonspecific xenon-protein interactions, xenon chemical shifts were also measured as a function of denatured protein concentration (Fig. 2B) . The unfolded protein in 6 M urea does not contain the specific xenon binding sites present in the native structure but can still interact nonspecifically with the dissolved gas. Indeed, the observed xenon chemical shift, referenced to its shift in solvent, moves downfield with increasing denatured protein concentration. A comparison of the effect of nonspecific interactions under native versus denaturing conditions can be made by considering the initial slope of both titrations; the initial slope of the native titration is the limit at which only a small fraction of xenon is bound to the specific site, and thus the overall shift is dominated by nonspecific interactions. As seen in Fig. 2 , the slope of the native titration is steeper than the slope of the denatured titration, indicating that nonspecific interactions under native conditions make a different contribution to the chemical shift. This result is reasonable given that parts of the protein (e.g., hydrophobic side chains and the heme) that are previously inaccessible to solvent become accessible to nonspecific interactions when the protein is unfolded. The fact that the initial slope has a smaller downfield magnitude in the denatured protein titration (despite an increased number of possible nonspecific interactions) suggests that nonspecific interactions between xenon and the hydrophobic residues and heme within the previously hidden interior of the protein induce a xenon chemical shift that is upfield relative to the chemical shift induced by interactions between xenon and surface residues. The detection of weak nonspecific interactions with different effects on the xenon chemical shift in these titrations is made possible by the high sensitivity of the shift to the local environment of xenon and illustrates the ability of xenon to probe diverse molecular interactions.
The downfield shifts in the native metmyoglobin titration at high xenon concentration are in contrast to the upfield shifts previously reported by Tilton and Kuntz for samples with low xenon concentration (8) . The differences in data collected under varying xenon concentrations demonstrate the opposing effects of nonspecific and specific interactions on the overall 129 Xe chemical shift. At low xenon concentration, the specific binding contribution to the average chemical shift dominates the contribution from the small amount of free xenon interacting nonspecifically so that the 129 Xe shift is always upfield from its shift in aqueous solvent. Conversely, at high xenon concentra- tions, the nonspecific interactions between the abundant free xenon and the numerous protein surface sites result in an overall downfield shift from solvent. We obtained experimental evidence for the marked xenon concentration dependence of the chemical shift resulting from nonspecific interactions using a 5 mM metmyoglobin sample (Fig. 3) . Although the 129 Xe shift is upfield (ϷϪ6 ppm) at low xenon concentrations (Ϸ4 mM), the xenon chemical shift was observed to move downfield with increasing total xenon concentration as the internal binding site becomes saturated, and additional free xenon-capable of interacting nonspecifically with the protein surface-is introduced into solution. Nonspecific interactions result in a limiting chemical shift at high xenon concentration that is further downfield than the shift of xenon in aqueous solvent; if only specific binding were present, one would expect this limiting shift to be the 129 Xe shift in solvent.
A simple model was constructed to use the native protein titration data to quantify the strengths of both specific and nonspecific interactions and their effects on the observed xenon chemical shift. The observed shift is a weighted average of the chemical shift of xenon in solvent, xenon bound specifically within the interior of the native protein, and nonspecific xenonprotein interactions that can be treated as weak binding sites. Accordingly, assuming the limit at which a small fraction of xenon is bound to the nonspecific sites, the expression for the observed xenon chemical shift referenced to the shift in solvent can be written as
where [Xe] bound depends on the strength of binding to the specific site (K bound ), and
Thus, ␣ represents the total contribution of the nonspecific interactions to the observed chemical shift.
To calculate the unknown parameters in Eq. 1, an assumption must be made concerning the total xenon concentration in solution. In one limit, the total xenon concentration can be considered to be independent of protein concentration and equal to the concentration of xenon in solvent ( (8), respectively]. In the other limit, the total xenon concentration in solution is assumed to be the sum of the concentration of xenon in solvent plus the concentration of xenon bound to the specific site ([Xe] total ϭ [Xe] o ϩ [Xe] bound ). Using this model, we have found that the data can only be fit uniquely if the specific binding constant (K bound ) is fixed to the value previously reported (26); accordingly, the fit yields a value of ␦ bound ϭ Ϫ20 ppm and ␣ ϭ 2 ppm͞mM. Although Eq. 1 considers a protein with a single specific binding site, appropriate for myoglobin because the other sites observed in the crystal structure have low occupancies even at relatively high xenon pressures (24), the models described here can be generalized to proteins and other molecules with multiple specific binding sites.
We have used laser-polarized xenon to measure 129 Xe T 1 s in the presence of apomyoglobin under both native and denaturing conditions to examine the effect of both specific internal binding and nonspecific surface interactions on xenon spin-lattice relaxation. We have measured the decay of xenon signal in several solutions as a function of time (Fig. 4) . The strong NMR signals (Fig. 4 Inset) are attributable to the high xenon polarization obtained with optical pumping and allow precise determination of relaxation times. The observed 129 Xe T 1 was only 15.0 Ϯ 0.3 s in 1 mM apomyoglobin in D 2 O compared with 506 Ϯ 5 s measured in D 2 O alone. This confirms the presence of interactions between xenon and the protein that provide efficient mechanisms for relaxation. The T 1 in 1 mM apomyoglobin is still an order of magnitude longer than that measured by Bryant and coworkers in only a 0.1 mM solution of metmyoglobin (27) . This variance in relaxation may partially arise from differences in the binding affinities of the holoprotein and apoprotein for xenon (currently under investigation in our laboratory). However, a more dominant cause of the shorter xenon T 1 in metmyoglobin solutions is likely the strong interaction of the bound xenon and paramagnetic iron within the nearby heme.
To determine the effect of the nonspecific interactions detected in chemical shift experiments on xenon relaxation times, we measured the T 1 of laser-polarized 129 Xe in a solution of apomyoglobin and 6 M deuterated urea. Compared with 291 Ϯ 2 s in 6 M deuterated urea alone, a shorter relaxation time of 59 Ϯ 1 s in the presence of 1 mM denatured apomyoglobin demonstrates that nonspecific xenon-protein interactions contribute to xenon spin-lattice relaxation. However, the T 1 in 1 mM apomyoglobin under native conditions is still substantially shorter than under denaturing conditions, despite the presence of an increased number of potential nonspecific interactions upon unfolding and the presence of urea in the denatured case. This difference in relaxation efficiency likely results from significant couplings between specifically bound xenon and protons in the binding cavity within the native structure. The cross relaxation indirectly observed in these experiments may permit the observation of polarization transfer via the nuclear Overhauser effect from laser-polarized xenon to protons in apomyoglobin. Work is in progress to effect this polarization transfer, with the ultimate goal of mapping hydrophobic surfaces in proteins and characterizing the structure and dynamics of ligandprotein interactions. The inset shows the typical signal-to-noise with a single 3°pulse after the dissolution of laser-polarized xenon into a 1 mM solution of apomyoglobin; the shift is referenced to that in pure D 2O.
